ABSTRACT Recombinant DNA methods were used to obtain souble, r ts of the heavy chain of myosn subfragMent 1 (S-i). These ants Numerous studies using proteolytic fiagmentation, crosslinking experiments, or peptide competition have indicated that different myosin subfragment 1 heavy-chain fragment (S1-HC)
. This C-terminal area was postulated to be composed of three actin binding subsites (8) . Crosslinking experiments with ATP analogs have shown that some residues (i.e., Lys-83, Trp-130, Ser-180, Ser-243, and Ser-324; ref. 9 ) are close to the ATP binding site. Spatial proximity between the 23-and 20-kDa S1-HC segments delineating the ATPase site (7, (10) (11) (12) has also been demonstrated. All ofthese analyses required the use of adequate proteolytic enzymes, accessibility of corresponding protease-sensitive regions within the S1-HC, separation ofS1-HC by dena ion/renaturtion procedures, and also correct folding of the isolated polypeptides (3, 13) . In addition, the protease-sensitive regions were virtually destroyed and were therefore inoperative.
Through recombinant technology it is now possible to produce native and soluble myosin heavy-chain (MHC) fragments of any desired length, even those containing the two main intact protease-sensitive regions along the entire S1-HC. This enables reexamination of the MHC regions that may interact with actin and ATP. A fine delineation of the actomyosin interface(s), together with the three-dimensional structures of actin (14) and myosin (15) (16) (17) , should help us understand the dynamic interactions between the two main motor molecules. The chimeric MHC fiagments are also of interest for understanding the molecular bases of functional variations between myosin isoforms (18) and the functional impact of (3-MHC missense mutations that cause familial hypertrophic cardiomyopathy (19) . In this study, we designed different S1-HC from human cardiac 3-MHC and expressed these in Escherichia coli as soluble maltose binding protein (MBP) fusion polypeptides. After purification, their respective interactions with actin and ATP were analyzed in vitro. While this work was still in progress, the three-dimensional crystalline structure of the myosin head (15) and determination of the three-dimensional atomic models of F-actin decorated with the myosin head were reported (16, 17) . The present results are discussed in light ofthe newly proposed three-dimensional structure of the myosin head.
MATERIALS AND METHODS ConstMcon of I-MHC Expession Comes. NM, N. M, Ni, and Ml constructs leading to the expression in TB1 E. coli cells of recombinant #8S1-HC of 100, 69, 73, 58, and 83 kDa, respectively, were derived from the ptrcf3HC13 plasmid (20) , which contains a Nco I/HindIII. MHC cDNA fragment of 1585 bp encoding residues 1-524. NM was constructed by subcloning the Nco I/HindIU fragment into the pIH902 vector (21) . N and M correspond to the 5' and 3' fragments generated by EcoRI digestion of the same 1585-bp insert. Ni and Ml correspond to the 5' and 3' fragments generated by Dra II digestion of the same insert. C, C1, C2, C3, and C4 constructs, expressing fragments of 64, 55, 51, 48, and 59 kDa, respectively, were obtained by PCR amplification on the cLR cDNA clone (22) and subsequent subcloning in either pIH902 or pMal-cRI (21) plasmids. All the PCRgenerated constructs were checked for sequence integrity by DNA sequencing.
Epresson of Recombinant jS1-HC. LB medium (150 ml) contain 2 g of glucose per liter and 50 pg of ampicillin per ml was inoculated with 3 ml of bacterial overnight culture. Bacteria were grown at 37C to an OD600 of 0.6. After lowering the temperature to 300C, isopropyl -D-thiogalactopyranoside was added (final concentration, 50 A&M) and cells were incubated for 4 h. Cells were harvested by centrifugation at 4000 x g for 20 min. The bacterial pellet was suspended at 4eC in 10 ml of buffer A (10 mM Tris-HCI, pH 7.5/0.2 M NaCl/1 mM EDTA/1 mM NaN3/10 mM 2-mercaptoethanol) with 0.25% Tween 20. 
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Column assay. Some myosin recombinant fragments were loaded onto an amylose column, washed as previously mentioned, and then equilibrated with a low ionic strength binding buffer (10 mM TrisHCl, pH 7.5/50 mM KCl/0.1 mM CaCl2/1 mM 2-mercaptoethanol). F-or G-actin (at 1 mg/ml) was loaded onto the column, followed by extensive washing to remove the excess unbound actin. Actin-myosin complexes were eluted by 10 mM maltose. Alternatively, specific elution ofbound F-or G-actin was accomplished with 50 mM AT? or ADP or AMP-PNP, 100 mM KCI, or 2 mM polyglutamate. Elution profiles were followed by protein concentration measurement and SDS/PAGE analysis. Nonspecific actin binding was ruled out since actin was not observed to be bound to a MBP-fi-galactosidase (pgal) amylose resin column.
ATP Binding Assay. The interaction of e-ATP with the myosin subfiagments was studied by quenching of the free nucleotide by acrylamide as described (23) . Miscellaneous. Myosin and chymotrypsin S-1 were prepared from bovine left ventricular myocardium (24, 25) . Fand G-actin were prepared from rabbit skeletal muscle (26 see Fig. 1 and ref. 28 ). All isolated MHC fragments were pure and soluble at low ionic strength. In the conditions used, the protein concentrations ranged from 3 to 5 mg/ml, and no aggregates were detected after high-speed ultracentrifugation (see Fig. 2B ). F-Actin Cosedimentation Assays and Actin-Affinity Measurements. The three recombinant MHC fragments, corresponding to the N-terminal, middle, and C-terminal parts of the entire human ,BS1-HC (N, M, and C, respectively), cosedimented with F-actin with relatively high-affinity constants when compared to that of the native chymotrypsin S-1 ( Fig. 2 and Table 1 ). The three other recombinant fragments, NM, Ni, and Ml, also sedimented with F-actin but with lower affinities. None of the four C-terminal S1-HC shorter than fragment C sedimented with F-actin. The N-terminal Si-HC N had no effect on the actin interaction with fragment Mi. In contrast, increasing amounts ofthe C-terminal Si-HC C strengthened the actin interaction with frnment Mi (Fig. 3B) .
ATP Binding Experiments. The binding of a fluorescent nucleotide ATP (etheno-ATP) to the different recombinant Si-HC was also studied. Only the long MHC fragment NM, composed of fragments N and M, bound ATP with kinetic and affinity properties analogous to those of native S-1 (Fig.  4) (Fig. 2 and Table 1 ) was further investigated by sedimentation after addition of 5 mM MgATP or 2 mM polyglutamic acid. The Si-HC C did not spin down in either condition. In contrast, in the presence of 5 mM MgATP, the other five recombinant fragments cosedimented fully with F-actin and their actin affinities were the same as those in the absence ofATP ( Table 1 ). The addition of2 mM polyglutamic acid instead of 5 mM MgATP reduced the pelleted amount of each of the five S1-HC by =500o (data not shown).
The ATP dependence of the actin-interacting Si-HC was further investigated by using the affinities of their MBP moieties to an amylose chromatography column. Only the Si-HC C, but none ofthe five other immobilized recombinant Si-HC or the nonrecombinant protein (MBP-,3gal), was able to bind G-or F-actin. The actin binding observed was thus different in the sedimenting complex. The structure of the amylose matrix or its binding with the maltose moiety clearly influenced the way actin interacted with the recombinant Si-HC. When 50 mM MgATP was included in the washing buffer, and that buffer was added to the column containing the bound S1-HC C along with G-or F-actin, all ofthe bound actin was released. Addition of 10 mM maltose to the elution buffer induced (as previously described) release of the amylose-bound Si-HC C. resin. G-actin solution (2 ml; 1 mg/ml) was applied to a 1.5-ml amylose column saturated with fragment C. A first elution was carried out with 50 mM MgATP, followed by a second elution with 10 mM maltose. Protein concentration measurement and SDS/ PAGE analysis were performed on each fraction (0.5 ml). (Inset) Ultracentrifugation of fraction 4, followed by total (1), supernatant (S), and pellet (P) SDS/PAGE analysis.
MgATP elution was ultracentrifuged and showed that actin remained in its monomeric form (see Fig. 5 Inset). F-actin bound to the S1-HC C in the same way and was totally released by adding 50 mM MgATP (data not shown). When G-or F-actin release was performed with a linear MgATP gradient (0-50 mM), release of actin began at an ATP concentration of 2 mM. Also 50 mM MgADP or MgAMP-PNP, 100 mM KCl, or 2 mM polyglutamic acid (instead of 50 mM MgATP) induced complete selective release of G-or F-actin bound to the S1-HC C immobilized on the amylose column.
DISCUSSION
Recombinant DNA methods to produce tailored myosin chain segments have already been used to map interactions between myosin subunits (29, 30) and between actin and myosin (22) . These techniques have also been used to determine actin residues in contact with myosin (31, 32) and myosin residues interacting with different anti-myosin antibodies (20, 33 properties with those of MHC fragments prepared in more classical ways. Examination of the interactions observed with ATP and actin revealed that recombinant myosin fragments fused with MBP probably retained the functional capacities of myosin segments since (i) the F-actin affinities of six different S1-HC were in the same range as that ofnative S-1; they were nil for the nonrecombinant MBP fragment and for a limited number of other S1-HC. (ii) The ATP binding curves of the S1-HC NM and of native S-1 were similar but no binding with any other S1-HC was observed. (iii) The S1-HC C bound to G-actin in the same way as to F-actin following the same ionic dependence. (iv) The ATP dependence of the actin interaction with the S1-HC C was similar to that observed with otherwise prepared C-like fragments; i.e., 26-and 30-kDa fragments (34, 35) . All the functional similarities between recombinant and "natural" MHC fragments thus suggest that most of the observed interactions do not depend on the preparation method. However, the lack of actin binding to some MHC fragments (excluding S1-HC), when bound to amylose chromatography columns, indicated that folding/conformation ofa MHC fragment, like that ofthe entire myosin head, was clearly dependent on the solution conditions. The present observations, showing actin binding to three contiguous S1-HC segments (N, M, and C) and ATP binding to segment NM, were made possible by the availability of the new S1-HC subdomains containing the two main proteasesensitive regions (i.e., the 23/50-kDa junction in S1-HC N and the 50/20-kDa junction in S1-HC C) intact along the Si-HC. These small sensitive regions, partially destroyed in most classical protease-dependent preparations of S1-HC, are crucial for defining myosin functions consistent with previous structural and biochemical studies. Our observation that large parts of the S1-HC are required to maintain the actin and ATP binding properties ofthe myosin head suggests that the entire S1-HC is involved in maintaining the structural integrity ofthe myosin head (15) (16) (17) . The similarities between the solution behavior of some recombinant S1-HC and native S-1 toward actin and ATP indicate that the recombinant light-chain free S1-HC represent partially functional S-1 subdomains. In fact, according to the three-dimensional structure of the myosin head, the light chains attach to MHC segments that are absent from the MHC constructions. However, it is noted that the present delineation of the recombinant MHC fragments was made prior to knowledge of the recently reported three-dimensional structure of the myosin head (15) (16) (17) .
The functional S1-HC C was designed to center around the well-documented, very flexible loop (residues 625-640), which has been shown to play a crucial role both in connecting the functional parts of myosin heads (7, 8) and in F-actin activation of S-1 ATP hydrolysis (6, (35) (36) (37) . Sequence analyses revealed that this junctional region differs substantially throughout the myosin isoform family, suggesting that it is a hypervariable "connector," a critical modulator of the actomyosin interface. Crosslinking experiments, actin protection, peptide competition, and, recently, myosin crystal structure indicate the key role of S1-HC C in the ATPdependent interactions with G-or F-actin. Two of the three primary actin binding sites, composing the primary site of actomyosin interaction as deduced from the myosin crystal and the atomic x-ray structure of F-actin (15) (16) (17) , are in S1-HC C (see corresponding regions in Fig. 1 ). In addition, it contains a second region (see Fig. 1 ) that may contribute to a "secondary" actomyosin interaction (17) . The present results, showing that smaller MHC fragments (i.e., the four subfragments C) did not interact with F-actin, suggest that the structural integrity of the entire S1-HC C is required to recognize actin. Alternatively, the latter results could be due to incorrect folding of these shorter MHC fragments, which prevents their potential interaction with F-actin. The hydrophobic and ionic nature of the actin binding MHC regions within S1-HC C is probably responsible for the ATP dependence of actin binding. The observed effect of polyglutamic acid and the lack of direct ATP binding on S1-HC C suggest that the ATP effect was probably due to the charge of its polyphosphate moiety. The ATP dependence of all the actin binding previously observed on isolated natural S1-HC (1, 35, 38) and the recombinant S1-HC C probably result from the electrostatic charges of the ATP molecule. S1-HC N was designed to test its interaction with actin and ATP (1) . S1-HC M was designed to test the role of the central MHC fragment in communications between the two putative distal actin binding sites and the ATP binding site within the myosin head (9, 35, 39) . The present observations showing cosedimentation of S1-HC N with F-actin are consistent with the previous direct measurements of actin interactions with the N-terminal 23-kDa fragment of S1-HC (1). They also agree with the protection of the 23/50-kDa junction against proteolytic attack provided by interaction with modified actin (2) . Recent observations indicate that an anti-myosin monoclonal antibody mapping between S1-HC residues 215 and 248 significantly activates acto-S-1 ATPase but not S-1 ATPase activity (20) . With the recombinant S1-HC M, we noted direct cosedimentation of a part of the central S1-HC region with F-actin, confirming their spatial proximity and potential interaction, as deduced from crosslinking (9) and light scattering experiments (3), respectively. The model of the myosin head (15) (16) (17) clearly suggests the existence of an actin binding site within the central MHC fragment (residues 395-405) that participates in the primary binding ofactin (Fig.  1) . However, this model does not give any indication of actin binding to the N-terminal part of the myosin head. In fact, the N-terminal MHC residues are situated opposite the main actin binding site (S1-HC M and C).
The present results indicate that more than half of the N-terminal S1-HC (fragment NM; spanning residues 1-524) is required to bind ATP efficiently. This is in accordance with many other observations showing that the nucleotide binding pocket is essentially determined by the N-terminal MHC region (9) . The present results suggest that 'sdine of the N-terminal residues of the classic tryptic 50kDa fragment (Ser-243 and Ser-324) are required to stabilize ilie nu¢Ieotide site; this can now be seen in the crystal structure. The interaction and competition experiments between MHC fragments and actin indicate subtle interactions between the different actin binding and nucleotide binding sites. The strong competition for F-actin observed between native S-1 and recombinant Si-HC N1 and Mi thus demonstrates that both N1 and Mi are independent sites of the actomyosin interface. However, the lower actin affinity observed for Si-HC NM compared to those of N and M was not foreseen. The lack of additivity of individual actin affinities could be taken as a preliminary indication that the region connecting the N terminus and central parts of Si-HC has nonpassive properties in the actin binding process. It could also indicate that the actin binding site(s) detected'in isolated Si-HC N and M are partially hindered in Si-HC NM. In the same way, positive modulation of the actin affinity of the central Si-HC Mi (residues 150-524) by the C-terminal fragment of the Si-HC (fragment C; spanning residues 5i8-722) is indicative of the active communication between these two contiguous Si-HC subdomains within the whole myosin head (7, 40) . The central portion of Si-HC contains the critical cleft (residues 457-516), which is seen in the myosin crystal (16) , and the very flexible connecting loop (residues 625-640), which directly interacts with actin (16, 17) . The importance of this central portion of S1-HC in actomyosin'interactions has been shown in patients with severe familial hypertrophic cardiomyopathy with missense mutation of residue 403 or 453 (41, 42) . Attempts to obtain a shorter continuous Si-HC domain composed of reduced fragments N and C and the entire M fragment remain to be done. It could possess the full functionality of S-1, particularly the capacity of hydrolyzing ATP, which the Si-HC NM unfortunately did not have; it could also be used to test some ofthe structural deductions from the myosin crystal (15) .
